Abstract. Lenses made of negative index materials exhibit different focusing behaviours compared to positive index material lenses. Flat lens behaviour and imaging below the diffraction limit is possible with negative refractive index lenses. In this study, we employed left-handed materials (LHM) as negative index materials and experimentally investigated the focusing behaviour of such lenses. A point source is embedded inside the LHM lens. We have shown that it is possible to focus electromagnetic (EM) waves by using a planar configuration of lenses that is constructed by using two-dimensional (2D) LHMs. Flat lens behaviour is observed at 3.89 GHz, where EM waves are focused along the lateral and longitudinal directions. At 3.77 GHz, where the reflection is measured to be minimum, the focusing effect occurred at the surface of the LHM with a spot size of 0.16λ. We were able to overcome the diffraction limit with a slab-shaped LHM superlens.
Introduction
Artificially structured materials with negative values of permittivity (ε) and permeability (µ) are candidates for constructing left-handed materials (LHM) with an effective negative refractive index. The left-handed media phenomenon was brought to the attention of the scientific community by Veselago four decades ago [1] , and has received great attention in recent years, since the first experimental demonstration of LHMs by Smith et al [2] . The experimental realization of LHMs became possible after the proposal of split-ring resonator (SRR) structures for obtaining negative permeability values by Pendry et al [3] . To achieve left-handed behaviour, one should combine SRR arrays together with thin wire arrays providing in turn negative permittivity [4] . At the frequency region covering both the negative values of ε and µ, the metamaterial will possess negative values of refractive index. We have successfully proposed a method to identify the true left-handed behavior [5] , and recently studied the effect of disorders on the LHMs' transmission characteristics [6] . Besides the characterization of LHMs in terms of their transmission properties, Shelby et al were the first to demonstrate the negative refractive index of LHMs experimentally [7] . Further experimental studies using wedge-shaped LHMs [8] - [10] , employing negative phase velocity to calculate the negative refractive index [10] and measuring negative beam shift from the surface of the LHM slab [11] supported the existence of negative refraction.
Ordinary materials with a positive refractive index always require curved surfaces to focus EM waves. However, a parallel-sided slab lens constructed from a negative index material brings EM waves into focus [1, 12] . Double focusing occurs inside and outside the lens, which is easily deducible from a simple ray diagram. Such lenses are also called flat lenses because their surfaces are not curved. Negative index materials can restore the amplitude of evanescent waves and therefore enable subwavelength focusing [12] . The subwavelength imaging effect is demonstrated for photonic crystal structures [13, 14] and left-handed transmission-line lenses at the frequency regions where the refractive index is negative [15, 16] . Imaging properties of negative index superlenses have been investigated theoretically by several researchers [17] - [26] . Recently, subwavelength focusing in LHM structures employing commonly used SRR-wire geometry have been reported [27, 28] . Most of the experimental studies are performed in the microwave frequency regime, but recently subwavelength imaging at optical [29] and midinfrared [30] frequencies have been successfully shown. Lenses made of materials with negative refractive indices may not necessarily cause subwavelength imaging [31] - [37] . Since the highresolution details are present near the object, the position of the focal point is important for observing subwavelength imaging. Although the subwavelength imaging is subject to restrictions and limitations, flat lens behaviour is present for all negative refractive index materials [38] .
In this paper, we present our recent results on negative refraction and the focusing properties of LHMs. First, the negative index of refraction is verified by using a two-dimensional (2D) wedge shaped LHM. Subsequently, we investigated the focusing properties of a flat lens with the omni-directional sources that were embedded inside the lens. We observed a clear image of the source at 3.89 GHz. The electromagnetic (EM) waves are focused along the longitudinal and lateral directions at this frequency. The measured reflection spectrum of 2D LHM provides a dip at 3.77 GHz. At this special frequency, the image forms at the surface of the LHM lens with considerably higher subwavelength features (0.16λ).
Negative refraction
In the following section, we provide the experimental results on the focusing properties of LHMs. Before we commence the experimental analysis of the focusing properties, we wanted to verify that the 2D LHM lens possesses negative refractive index values at the frequencies where lefthanded behaviour is observed [10] . In both refraction and focusing experiments, we used 2D LHM structures with the parameters provided in [10] . SRR arrays and wire arrays are arranged as interlocking units so that the resulting composite metamaterial responds to the incident EM wave in two dimensions.
Wedge-shaped structures are commonly used in order to measure the refractive index of LHMs, which is a typical experimental method for the observation of left-handed properties [7] - [10] . We constructed a wedge-shaped LHM with a wedge angle of θ = 26
• as seen in figure 1 (a). The first interface of LHM is excited with EM waves emerging from the source located at a distance of 13 cm (∼2λ) away from the first interface of the wedge. The receiver antenna is mounted on a rotating arm to obtain the angular distribution of the transmitted signal, which is placed 70 cm (∼10λ) away from the second interface of the wedge. The angular refraction spectrum is scanned by θ = 2.5
• steps. The transmitter and receiver antennas are standard high gain microwave horn antennas that are connected to the HP 8510 C network analyser.
The refracted beam profiles from the LHM-air interface are shown in figure 2 for two different frequencies. Evidently, the transmitted beam is refracted on the negative side of the normal. The angle of the refraction at 3.77 GHz is measured to be θ r = −65
• and at 3.89 GHz θ r is −57.5
• . Snell's law can be used to calculate the effective refractive index of the 2D LHM structure by the simple formula n eff sin θ i = n air sin θ r . At 3.89 GHz the refractive index is calculated to be n eff = −1.92 ± 0.05. The angle of refraction increases when the frequency is lowered, hence the n eff increases. The calculated refractive index at 3.77 GHz is n eff = −2.07 ± 0.05.
Focusing of EM waves
The presence of negative refraction enables the possibility for the slab structure to act like a lens for an omni-directional source. EM waves emerging from an omni-directional source that are located near such a lens will first be refracted through the first air-LHM interface and will come into focus inside the material. Then, outgoing EM waves will face refraction again at the second LHM-air interface and the refracted beam will meet the optical axis of a flat lens, where the second focusing will occur. However, for a parallel-sided slab lens that is made of positive refractive index material, EM waves will diverge, and thus cannot be focused. We have recently observed flat lens behaviour from the sources located outside of the LHM lens. In this study, we investigated the focusing behaviour of a flat lens where the omni-directional source is embedded inside the LHM slab. The focusing behaviour was previously observed inside LHM lenses experimentally [31] . We followed a different approach here. We chose to put the source inside the LHM lens and measure the field intensity outside the lens. This section is divided into two subsections. We first shall discuss the flat lens behaviour, where the lens focuses the incident EM wave in the lateral and longitudinal directions. Secondly, we will present our experimental observation of subwavelength imaging (superlens behaviour) near the LHM lens at the frequency where the LHM sample has the lowest reflection value.
In the focusing experiments a slab-shaped LHM lens with 40 × 20 × 10 layers along the x, y and z directions is used. The top-view of the LHM lens is provided in figure 1(b) . Along the propagation direction (z direction) the structure has 10 unit cells, in which the thickness is t = 90.9 mm. The periodicity along the z-direction, as well as along the x and y directions is a z = a x = a y = 9.3 mm. We used monopole antennas as the point source. The monopole antenna was constructed by removing the shield around one end of a microwave coaxial cable. The exposed centre conductor, which also acted as the transmitter and receiver, was 3.8 mm long. This length is on the order of λ/2, arranged to work at a frequency range where left-handed behaviour was observed. We embedded the source inside the LHM lens at different locations. We chose routinely to identify the position of the source in terms of the number of layers (N s ). In figure 1(b) coloured dashed lines show the axis of the sources, which is d s away from the LHM-air surface. The distance of the source to the LHM-air interface can be given by the formula d s = 9.3(N s − 1) + r, where r = 3.6 mm is the radius of the SRR. The intensity distribution of an EM wave is scanned from the surface by another monopole antenna with x = z = 2.5 mm steps. In the experiments, we can solely measure EM field intensity at a point. Figure 3 depicts the spatial intensity distribution of the outgoing EM waves from the sources embedded inside the layers N s = 5 and N s = 7 at 3.89 GHz. The intensities are normalized with respect to the maximum intensity values. For both cases, we observed focusing along the longitudinal and lateral directions. However, there is a change at the focal point, when the location of the source is changed. The EM waves are focused at z = 10 and 15 mm for the sources at the fifth and seventh layers. As the point source is moved away from the LHM-air surface, the focal length is increased, which is consistent with the imaging theory.
Flat lens behaviour
The spot sizes of the focused beams along the lateral direction (x) for both source distances are approx. 0.4λ. We were able to focus EM waves that were smaller than half of the wavelength. However, the distances of the focal point are away from the surface of the LHM lens. The FWHM of the focused beam will be smaller if the image is formed closer to the LHM lens, since the evanescent modes are present near the LHM lens.
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Superlens behaviour
In the previous section, we investigated the imaging properties of the flat lens at 3.89 GHz. At a lower frequency, however, at f = 3.77 GHz, the imaging behaviour changes. Figure 4 displays the intensity distribution of the EM waves at 3.77 GHz where the sources are located inside the fourth and fifth layers of the LHM flat lens. The EM waves are focused along the lateral direction for both source distances. The imaging occurs near the LHM lens with subwavelength spot sizes. Similar experimental results were reported for photonic crystal lenses by Cubukcu et al [14] .
We also performed scanning measurements in air by removing the LHM lens. The EM waves are scanned from 50 mm away from the point source. The resulting intensity distribution of the EM waves propagating in free space is provided in figure 5 . The beam size in free space is clearly larger than that of the EM wave propagating inside the lens. We plotted the intensity profiles of the outgoing EM waves at z = 0 point for free space and LHM lens in figure 6 . When the EM wave propagates 50 mm away from the source in free space (blue line), the full width at half maximum (FWHM) of the beam is measured to be 85 mm (1.07λ). FWHMs of the focused beam from the sources located inside the fourth and fifth layer of the LHM lens are 12.5 mm (0.16λ) and 17.5 mm (0.22λ), respectively. The intensities are normalized with the highest peak value for the source located inside the fourth layer, fifth layer and in air. The intensity of the beam travelling in air is multiplied by 0.5 in the figure. The highest transmission is observed in free space as expected. Intuitively, the transmission is higher for the source located in the fourth layer, since the EM waves travel less in the lossy LHM media. Figure 7 depicts the intensity profiles of the EM waves near the LHM lens as a function of the frequency. In addition, the measured reflection spectra for the LHM slab are shown in figure 7 as a white line. As clearly seen in the figure, the minimum spot size is achieved at 7
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 5 . The spatial intensity distribution of the outgoing EM waves in free space from the source located at 50 mm away from the z = 0 point at 3.77 GHz. frequencies where the reflection is at a minimum. In recent study, we verified the impedance of the LHM to be matched to the free-space impedance at 3.77 GHz, where the reflection is very low [39] . Therefore, the losses due to the reflection do not significantly affect the resolution at this frequency. It is clear from figure 7 that the beam size of the EM waves at z = 0 point is at a minimum at 3.77 GHz. The beam size increases with an increase in the reflection value. To our knowledge this experiment is the first to have shown the effect of reflection on subwavelength imaging of LHM superlenses.
Pendry introduced the term perfect lens, a lens that is capable of overcoming the diffraction limit provided that ε = µ = −1. However, it is not easy to fabricate a lossless and perfectly matched negative refractive index material. A perfect lens has not yet been experimentally shown; however it is possible to focus EM waves smaller than a half-wavelength size, which is 8
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 7 . The intensity profiles of EM waves near the LHM lens as a function of frequency. The reflection spectrum of the LHM lens is shown in the figure with a white line.
the diffraction limit. The limitations on the subwavelength imaging are discussed for a perfect lens and deviations of material parameters from the ideal values have been shown to affect the subwavelength focusing [18] - [23] . The constructed image in our case is imperfect due to material losses and deviations from the ideal material parameters. The effective index of refraction −1.92 is quite different from the ideal refractive index n = −1. Nevertheless, small deviations from ideal parameters can be permitted to achieve subwavelength imaging [19] . It is theoretically shown that with the greater thickness of slab lens, superresolution reduces [19] . Our experimental results provided in figure 6 , agree with this theoretical prediction, since the spot size increases when the source is located at a larger distance. This in turn means that the thickness of the superlens is increased.
Negative index materials can recover the evanescent modes in an image, which is not possible for a positive index material. These decaying modes carry information approximately at the nearfield of the image. Evanescent modes are amplified at the surface of the LHM lens, in which these modes decay in free space. Evidently, the near-field information will be lost. Therefore, the focal point is important for resolving power of a superlens. At 3.77 GHz, we observed a spot size of 0.16λ, however at 3.89 GHz at the focal point, the spot size was 0.4λ. To our knowledge, our group is the first to demonstrate the effect of focal point on the spot size of the focused beam in subwavelength imaging.
Conclusion
In conclusion, we investigated the focusing characteristics of a flat LHM lens. The source is placed inside the LHM slab, in which flat lens behaviour is observed at 3.89 GHz. The EM wave is focused along the lateral and longitudinal directions at this frequency. However, at a lower frequency, 3.77 GHz, the focusing of EM waves occurred at the LHM-air surface. We achieved a 0.16λ spot size of the focused beam, which is well below the diffraction limit. The reflection is minimum at 3.77 GHz, therefore the losses due to the reflection degrading the subwavelength imaging is reduced and higher subwavelength features can be resolved. It is not possible to obtain focusing from the sources inside lenses that are made of positive refractive index materials. The EM wave will diverge and never come into focus for a positive index planar lens. Materials with negative refractive indices can be ideal for lensing applications since they offer intriguing focusing behaviour that is unattainable from ordinary lenses. The surface impedance is nearly matched for LHM lenses, and planar configurations were able to be used. The main problem is to manufacture an ideal perfect lens. Currently, left-handed metamaterials are made of lossy substrates. Moreover, these structures absorb the EM waves that degrade the resolution limit. Meticulous designs are needed to achieve higher resolutions from negative refractive index superlenses.
